1 Nucleosomes have structural and regulatory functions in all eukaryotic DNA-templated 2 processes. The position of nucleosomes on DNA and the stability of the underlying histone-DNA 3 interactions affect the access of regulatory proteins to DNA. Both stability and position are 4 regulated through DNA sequence, histone post-translational modifications, histone variants, 5 chromatin remodelers, and transcription factors. Here, we explored the functional implications of 6 nucleosome properties on gene expression and development in C. elegans embryos. We 7 performed a time-course of micrococcal nuclease (MNase) digestion, and measured the relative 8 sensitivity or resistance of nucleosomes throughout the genome. Fragile nucleosomes were 9 defined by nucleosomal DNA fragments recoverable preferentially in early MNase-digestion 10 time points. We found fragile nucleosomes at locations where we expected to find destabilized 11 nucleosomes, like transcription factor binding sites where nucleosomes compete with DNA-12 binding factors. Contrary to our expectation, the presence of fragile nucleosomes in gene 13 promoters was anti-correlated with transcriptional activity. Instead, genes with fragile 14 nucleosomes in their promoters tended to be expressed in a context-specific way, operating in 15 neuronal response, the immune system, and stress response. Nucleosome fragility at these 16 promoters was strongly and positively correlated with the AT content of the underlying DNA.
. After 2, 4, 8, 15, and 30 minutes of digestion 1 we removed a chromatin aliquot and performed paired-end Illumina sequencing on the 2 mononucleosomal fragments liberated at each time point (Figure 1B) . Without MNase, 3 chromatin remained intact and undigested. After addition of the enzyme, a stereotypic chromatin 4 ladder rapidly formed, and a small proportion of total chromatin became mononucleosomal. As 5 digestion proceeded, the mononucleosomal fraction increased while polynucleosomal fractions 6 were depleted ( Figure 1C) . We performed two replicate experiments on native chromatin and 7 two replicate experiments on formaldehyde-fixed chromatin samples. Results from the native 8 and fixed chromatin were very similar (Supplemental Figure 1) . We therefore focused our 9 downstream analysis on fixed chromatin for maximum compatibility with previously-generated 10 datasets.
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Mononucleosomal DNA fragments released earliest during the digestion were larger (median 13 size of 2-minute nucleosomal fragments: 180 bp) than fragments released later in the 14 timecourse (median of 30-minute nucleosomes: 155 bp) ( Figure 1D) . Among the digestion 15 timepoints, nucleosome sizes decreased in 10 bp increments, reflecting the MNase digestion (Figure 1D) . This is consistent with the model that with increasing lengths 19 of digestion time, MNase will cleave long linkers and any unwrapped ends of nucleosomal DNA.
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Although the genome-wide occupancy profiles of mononucleosomal fragments were globally 21 similar across the timepoints (Figure 1B, Supplemental Figure 2 ), there were a number of 22 substantial differences in the nucleosome maps among the timepoints (Supplemental 
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To systematically study nucleosomes of differential sensitivity to MNase, we assigned each 26 nucleosome both a fragility and a resistance score (Supplemental Figure 4) . For each 1 timepoint, we first called nucleosome positions and then assigned each nucleosome an 2 occupancy score (see Methods for details). The fragility score for a nucleosome is defined by 3 subtracting the average occupancy score of the intermediate timepoints (4, 8, and 15 min) from 4 the occupancy score of the 2 min timepoint. Conversely, a resistance score is computed by 5 subtracting the average occupancy score of the intermediate timepoints from that of the 30 min 6 timepoint ( Figure 1E) . Thus, fragility and resistance scores were generally reciprocal to each 7 other at a given nucleosome, but not necessarily so. We defined the top 10% of nucleosomes 8 with the highest fragility or resistance scores as "fragile" or "resistant" nucleosomes, respectively 9 ( Figure 1F) . 
7
We found that TFBS had high fragility scores despite their intrinsic preference for nucleosome 8 formation in vitro. One possible explanation is that transcription factors destabilize nucleosomes 9 at their binding sites, causing the fragility at TFBS. Alternatively, TFBS may contain DNA 10 sequences that disfavor nucleosome formation in vivo, thereby increasing nucleosome fragility.
11
To distinguish among these possibilities, we identified a set of TFBS specifically bound at 
1

Nucleosome fragility increases throughout heat-shock genes upon induction 2
The preceding analysis found a correlation between transcription factor binding and nucleosome 3 fragility. We next sought to test the relationship between fragile nucleosomes and trans factors 4 more explicitly. Moderate transcription levels have been shown to cause displacement and 5 repositioning of nucleosomes in gene bodies (Reinberg and Sims 2006 
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Heat shock in C. elegans activates HSF-1 and HSF-2, two homologues of the mammalian HSF1 15 transcription factor, which bind heat shock elements (HSE) in the promoters of heat shock- 7) . Though nucleosome occupancy remained largely unchanged, we 22 found nucleosome fragility dramatically increased both 5′ and 3′ of heat-shock genes, as 23 well as in the gene body itself (Figure 3C, 3D) . Notably, promoter and +1 nucleosome fragility 24 increased on average genome-wide, although gene-body fragility was specific to the set of heat shock-induced genes (Figure 3E ). This result suggests that the rapid induction of these genes 1 increases nucleosome competition with Pol II. This mode of transcription has been suggested to 2 remove the entire histone octamer, rather than FACT-mediated H2A-H2B recycling (Kulaeva et 7 and 3′ of genes at locations with few TF binding events appears to be determined by another 8 mechanism, which we explored next. To infer potential functional implications of nucleosome fragility in the developing embryo, we next asked which genes were significantly associated with fragile nucleosomes. Fragile 1 nucleosomes were enriched at the -1 nucleosome and resistant nucleosomes were enriched at 2 the +1 nucleosome (Figure 4) . We identified two sets of genes that contain fragile and resistant 3 nucleosomes, respectively, +/-500 bp from their transcript start site. We then identified enriched 
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To confirm the association between fragile nucleosomes and future context-specific expression 22 with an independent method, we used the publicly available modENCODE transcriptome 23 sequencing data from seven different life stages to define a set of "developmentally regulated" ). We hypothesized that if promoter nucleosome fragility is related to context-specific expression as our GO analysis suggested, then we should find higher fragility 1 signals near developmentally regulated genes. When we plotted the average fragility scores 2 around these genes, we indeed saw higher nucleosome occupancy and fragility signals at 3 developmentally regulated genes as compared to the set of stably expressed genes ( Figure   4 6D). While both sets of genes have fragile promoters, our data indicate that fragility is enriched 5 at genes that tend to be expressed specifically during development, stress, or environmental 6 stimulus response. Together, we suggest that these sequences may reflect a specialized 7 promoter architecture that is primarily determined by high AT content, which acts to allow future 8 disruption of nucleosome stability, and thereby the rapid induction of gene expression in a 9 context-specific fashion (Figure 7) . 
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We performed our experiments in nuclei derived from whole embryos, which reflect a mixture of 3 cell types and creates challenges for data interpretation. However, our core conclusions stand 4 regardless. First, the DNA sequence underlying the data is the same across all cell types and 5 therefore our conclusions regarding the cis contribution to nucleosome fragility are derived from ). Therefore, for specific genes, we can 11 say definitively that they were "on" or "off" in our sample, and make general conclusions 12 accordingly. Third, the RNA-seq data we used is also derived from mixed embryos, and 13 therefore quantitatively matches our fragility and resistance data. The same applies to the 14 modENCODE chromatin data; the embryos used in this study were staged specifically to match 
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We found high fragility scores at the -2, -1, and +1 nucleosomes of developmentally regulated 8 genes in comparison to stably expressed housekeeping genes. Previous work found that the 9 promoters of developmentally regulated genes lack the histone post-translational modifications H2A.Z. In contrast, OPN genes have high transcriptional plasticity, higher evolutionary 24 divergence, higher nucleosome turnover, and were sensitive to chromatin regulation. The yeast 25 DPN genes may correspond to the set of stably-expressed genes we defined in C. elegans, which that have depleted proximal nucleosomes (Figure 6D top) . The yeast OPN genes may 1 correspond to the set of developmentally regulated genes we defined in C. elegans, which have 2 high promoter fragility and highly occupied proximal nucleosomes (Figure 6D, bottom) . To our 3 knowledge, OPN and DPN-type promoters have not been described or defined in C. elegans.
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Our results are consistent with a model in which nucleosome instability is encoded at the 5 promoters of DPN-type genes, potentiating the high transcriptional plasticity observed at these 6 sites. The presence of these promoter structures in yeast, human, and now C. elegans suggests 7 a well-conserved strategy that uses nucleosome architecture to regulate the dynamics of gene Mixed-stage embryos were isolated as described and split into two pools. One pool was 11 incubated at 34°C for 20 minutes with intermittent brief mixing, while the other pool nutated at 12 room temperature. After 20 minutes, an aliquot from each pool was saved for RNA-seq, while 13 the remaining embryos were fixed for 30 minutes in 2% formaldehyde at room temperature. A brief description of the additional publicly available datasets used in this study and their 7 accession numbers can be found in Supplemental Table S1 . We propose a model whereby nucleosome fragility is determined by two distinct mechanisms, 10 one that operates in cis at all genes, and one that operates in trans at a subset of genes. Left:
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Competition in trans with transcription factors and polymerase machinery destabilizes 12 nucleosomes at the promoters of actively transcribed genes that tend to be stably expressed..
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Right: Condition-specific and developmentally regulated genes contain promoters with high 14 levels of nucleosome fragility, determined primarily in cis by high AT content. Green line: high 15 AT content is sequence-encoded at all promoters, but is highest at condition-specific genes.
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Orange cylinders: resistant nucleosomes found in the gene body of highly and stably expressed 
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